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Summary
Attentional orienting and memory are intrinsically
bound, but their interaction has rarely been investi-
gated. Here we introduce an experimental paradigm
using naturalistic scenes to investigate how long-
term memory can guide spatial attention and thereby
enhance identification of events in the perceptual do-
main. In the task, stable memories of objects embed-
ded within complex scenes guide spatial orienting.
We compared the behavioral effects and neural sys-
tems of memory-guided orienting with those in a
more traditional attention-orienting task in which tran-
sient spatial cues guide attention. Memory-guided
attention operated within surprisingly short intervals
and conferred reliable and sizeable advantages for de-
tection of objects embedded in scenes. Event-related
functional magnetic resonance imaging showed that
memory-guided attention involves the interaction
between brain areas participating in retrieval of mem-
ories for spatial context with the parietal-frontal net-
work for visual spatial orienting. Activity in the hippo-
campus was specifically engaged in memory-guided
spatial attention and correlated with the ensuing
behavioral advantage.
Introduction
Attention and long-term memory are two fundamental
cognitive processes in human behavior. Many studies
have investigated these processes individually, but few
have crossed the boundaries between them to under-
stand how they interact. In everyday life, we use our
past experiences, stored as memories, to build expecta-
tions and forecast where interesting or relevant events
will unfold. Attentional orienting based on long-term
memory is essential for targeting behaviorally relevant
objects or events embedded in complex environments
and therefore for optimizing our perception and action.
Studies of visual spatial orienting to date are numer-
ous and have made significant headway in unveiling
the relevant neural systems and mechanisms involved
(Mesulam, 1999; Nobre, 2004; Reynolds and Chelazzi,
*Correspondence: kia.nobre@psy.ox.ac.uk2004). However, they have often failed to capture two
essential features of the ecological validity of spatial ori-
enting of attention. In most orienting tasks, attention is
guided by perceptual cues, which are briefly held online
in working memory (Posner, 1980). Although these cues
are very effective in directing attention toward a particu-
lar spatial location or object of interest, they have very
few real-life counterparts. Furthermore, most visual spa-
tial orienting paradigms use very simple stimulus arrays,
often presented on blank backgrounds, thus omitting
the complexity of the environments in which spatial ori-
enting typically occurs.
We developed an experimental paradigm to investi-
gate the voluntary orienting of spatial attention within
complex scenes based on long-term memory experi-
ence. In general, previous work has emphasized the im-
portance of the regularities of contexts in guiding object
and scene identification (Bar, 2004; Biederman, 1972;
Biederman et al., 1982; Henderson and Hollingworth,
1999; Palmer, 1975). More specifically, empirical evi-
dence for the ability of memory to influence attention
comes from a small number of visual-search experi-
ments. Contextual cuing studies show that implicit
memory derived from previous experience of a particular
stimulus array can facilitate performance during visual
search by decreasing detection time of a target item
within an old context compared to a novel context
(Chun, 2000; Chun and Jiang, 1998, 2003). Associative
links between objects in a search array can also affect
performance during visual search (Moores et al., 2003).
Our experiment builds on these findings by investigating
the ability to use long-term memory voluntarily to opti-
mize detection of objects within complex scenes and
by investigating the neural basis of this memory-guided
attentional orienting.
We compared the strength and time course of the
behavioral consequences of orienting spatial attention
based on long-term memory and based on visual cues
in a behavioral experiment. We used event-related func-
tional magnetic resonance imaging (efMRI) to reveal the
brain areas engaged during memory orienting com-
pared to visual orienting of attention. We hypothesized
that the parietal-frontal network that participates in
spatial cognition and visually guided spatial attention
(Mesulam, 1999; Nobre, 2001; Yantis et al., 2002) would
play a role in memory-guided orienting. In addition, we
hypothesized that the source of memory-guided spatial
orienting would involve brain areas that participate in the
retrieval of long-term memories of objects embedded
within scenes. Of particular interest was the involvement
of the hippocampus, which may have a specific role in
the retrieval of object locations within specific contexts
(Bohbot et al., 2004; Burgess et al., 2002; Ekstrom et al.,
2003; Gaffan, 1994, 1998; Hayes et al., 2004; Rose-
nbaum et al., 2000), as well as the contribution of brain
areas implicated in the retrieval of scenes or contexts
(Bar and Aminoff, 2003; Bohbot et al., 1998; Brewer
et al., 1998; Burgess et al., 2001; Hayes et al., 2004; Jan-
zen and van Turennout, 2004; Maguire, 2001a; Maguire
et al., 1998; Rosenbaum et al., 2000, 2004)—such as
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906Figure 1. Task Schematic and Behavioral Results from Orienting Task
(A) Schematic of memory-orienting and visual-orienting tasks in the left panel and right panel, respectively, for both behavioral and fMRI exper-
iments. On the left of each panel are trials where subjects had prior predictive information about where the target key would appear (either from
long-term memory or visual cues). On the right of each panel are the neutral trials where the subject had no prior knowledge about the target
location. Timings in the behavioral experiment were: cue = 100 ms, 500 ms, or 900 ms; target = 100 ms; response window = 1000 ms; and
inter-trial interval = 2–3 s. Timings in the fMRI experiment were: cue = 500–900 ms; target = 100 ms; response window = 1000 ms; and inter-trial
interval = 2–14 s. The different types of trials are coded in separate colors below each column. Trials in the memory-orienting task are shown in
dark blue (valid trials) and light blue (neutral trials). Trials in the visual-orienting task are shown in red (valid trials) and orange (neutral-trials).
(B) Mean RTs (and standard error) in the behavioral experiment during valid (dark colors) and neutral (light colors) trials over the three cue-target
SOAs in the memory-orienting (blue colors) and visual-orienting (orange colors) tasks.
(C) Mean RTs (and standard error) in the fMRI experiment during valid (dark colors) and neutral (light colors) trials in the memory-orienting (blue
colors) and visual-orienting (orange colors) tasks.the parahippocampal gyrus and the retrosplenial cortex
around the parietal-occipital sulcus.
Results
Behavioral results showed that participants were reli-
ably able to orient attention based on spatial long-term
memory to optimize detection of targets within natu-
ralistic scenes. Memory-guided attentional orienting
effects started surprisingly early and provided consis-tently greater performance benefits than visually guided
attentional orienting based on peripheral cues. In the be-
havioral and fMRI experiments, subjects detected the
brief appearance of a small key flashed within a complex
scene, using either memory (memory-orienting task) or
visual cues (visual-orienting task) to predict where the
key would appear (Figure 1, see Experimental Proce-
dures). In memory-orienting and visual-orienting tasks,
performance in trials with 100% valid predictive cues
(2/3 of trials) was compared to that in neutral trials,
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location of the key (1/3 of trials). Using efMRI we charac-
terized brain regions involved in both types of atten-
tional orienting, as well as brain regions specifically in-
volved in memory-guided orienting of spatial attention.
Behavioral Results
Spatial Orienting
In both the behavioral and fMRI experiments, partici-
pants performed at a high level of accuracy, which
was equivalent in the memory-orienting and visual-ori-
enting tasks. The percentage of correct target detection
was above 90% in all cases (behavioral experiment:
97.1% memory orienting, 95.4% visual orienting; fMRI
experiment: 97.7% memory orienting, 96.8% visual ori-
enting). Participants were also successful at withholding
responses during the catch trials, despite their very rare
incidence (behavioral experiment: 71.4% memory ori-
enting, 75.4% visual orienting; fMRI experiment: 74.3%
memory orienting, 82.6% visual orienting).
Reaction times (RTs) to detect target stimuli pre-
sented briefly within a scene were recorded while sub-
jects maintained fixation (Figure 1). In the behavioral
experiment, a repeated-measures analysis of variance
(ANOVA) tested the effects of task (memory orienting, vi-
sual orienting), cue (valid, neutral), and stimulus-onset
asynchrony (SOA: 100, 500, 900 ms). Behavioral perfor-
mance was significantly enhanced when spatial expec-
tations could be formed from either memory experience
or perceptual cues, as revealed by a main effect of cue
[F(1,11) = 37.1, p < 0.001]. Post hoc contrasts showed
that the validity effect was significant for both the mem-
ory-orienting and the visual-orienting tasks at each of
the SOAs [F(1,11) > 5.8, p % 0.04]. The validity effect
was stronger in the memory-orienting (54 ms) than in
the visual-orienting (31 ms) task, as revealed by an inter-
action between task and cue [F(1,11) = 7.4, p = 0.02].
Overall, RTs were faster in the memory-orienting task
than in the visual-orienting task [F(1,11) = 36.2, p <
0.001]. There was also a strong effect of SOA [F(2,22) =
109.9, p < 0.001]. Fastest responses occurred at the
900 ms SOA (367 ms), slowest responses at the 100 ms
SOA (477 ms), and intermediate responses at the
500 ms SOA (390 ms) [all F(1,11) > 12.0, p < 0.005]. The
SOA factor did not interact with task or cue factors.
In the fMRI experiment, the SOA was randomized be-
tween 500 and 900 ms, and the repeated-measures
ANOVA tested the effects of task (memory orienting,
visual orienting) and cue (valid, neutral). A strong main
effect of cue was observed [F(1,15) = 24.1, p < 0.001].
Post hoc contrasts showed that validity effects were sig-
nificant during both memory orienting [F(1,15) = 30.8,
p < 0.001] and visual orienting [F(1,15) = 6.1, p = 0.03].
The validity effects were again stronger in the memory-
orienting task (49 ms) than in the visual-orienting task
(17 ms), as revealed by a significant interaction between
task and cue [F(1,15) = 13.9, p = 0.002]. In the fMRI exper-
iment, there were no overall differences in RTs between
the memory and visual orienting tasks [F(1,15) = 2.8,
p = n.s.].
Learning Task
One or two days prior to the memory-orienting and
visual-orienting tasks, participants completed a learning
task, in which they learned the specific location of thetarget key in each of 99 complex scenes. Figure 2 shows
performance during this preceding learning task for both
the behavioral and fMRI experiments. The locations of
Figure 2. Behavioral Results from the Learning Task
(A) Examples of eye-tracking data collected from the learning phase
of one representative participant in the fMRI experiment. The scene
on the left contained a key within the middle compartment of the
stacked blue storage boxes. The scene on the right contained no
key. For both scenes, there were extensive eye movements for the
first block (row 1). In the final block (row 2) there was an almost direct
eye movement to the location of the key on the left scene. In con-
trast, there were still widespread eye movements for the scene on
the right in which no key had been found.
(B) Graphs showing accuracies (solid line) and mean response times
(dashed line) for detecting the presence of a key within each scene in
the behavioral experiment (left) and in the fMRI experiment (right).
Results show that over the five learning blocks there was a steady
increase in the number of keys found, matched by a decrease in
the time to find the key in the scene for both experiments.
(C) The mean normalized validity score (and standard error) during
the memory-orienting task separated into quintiles according to
the average time to find the key in the last three blocks of the learning
task. Results showed that the faster subjects were to locate the key
in the learning task, the greater their validity score.
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during which participants became increasingly profi-
cient. Participants in both experiments correctly found
a high percentage of keys during the last block, but per-
formance was not at ceiling (behavioral experiment:
90%, range 81%–96%; fMRI experiment: 88%, range
74%–95%). RTs decreased systematically between the
first to the last training block (7.4–2.6 s in behavioral ex-
periment; 11.7–3.1 s in fMRI experiment), with a decreas-
ing number of eye movements.
We investigated whether the behavioral advantage
conferred by valid versus neutral trials during memory
orienting (validity effect) related to performance during
learning of the spatial location of the keys. Validity ef-
fects were calculated as z-scores (see Experimental
Procedures) on a trial-by-trial basis. Trials were then
separated into five bins (quintiles) according to the aver-
age time to locate keys during the last three blocks of the
learning task. These quintiles provided a simple normal-
ized measure of the strength of the memory for the spa-
tial location of the key in the scene. The effect of learning
performance on the subsequent attentional validity ef-
fects was probed with a repeated-measures ANOVA
testing for linear increases in validity effects following
improved performance (decreasing response times)
during the learning task. There was a significant linear
contrast in both the behavioral [F(1,11) = 8.7, p = 0.01]
and the fMRI experiments [F(1,15) = 5.6, p = 0.03].
Spatial Memory Recall Test
Following the orienting tasks in the behavioral experi-
ment, participants were tested on their explicit memory
for the location of the keys within the scenes. Partici-
pants viewed a subset of scenes and indicated the loca-
tion where they remembered the target key to have been
present. The distance between the actual and the re-
membered location of the target key was calculated.
Participants were able to place the key to within 10%
of the screen width and height on an average of 78.5%
of trials.
Event-Related fMRI
Event-related fMRI was used to identify brain areas that
participated in memory-guided spatial orienting and
to compare them to those involved in visually guided
orienting.
Common Activations for Memory-Guided
and Visually Guided Orienting
The common network of brain regions involved in both
memory orienting and visual orienting was revealed by
identifying activations in the Memory-Valid (Mem/Val)
condition, which were also activated in the Visual-Valid
(Vis/Val) condition (using inclusive masking). The com-
mon orienting network included several cortical and
subcortical areas (Table 1 and Figure 3).
Many of the areas were similar to those reported in
previous studies of spatial orienting driven by percep-
tual cues (Corbetta and Shulman, 2002; Giesbrecht
and Mangun, 2005; Kastner and Ungerleider, 2000;
Nobre, 2001; Yantis et al., 2002). Parietal areas were ac-
tivated around the intraparietal sulcus, extending into
both inferior and superior parietal lobules. Frontal acti-
vations occurred in the frontal eye fields as well as
more ventrally in premotor cortex at the intersection be-
tween precentral and inferior frontal sulci, and in anteriorinsula. Separate activations occurred in posterior and
anterior portions of the cingulate cortex, the latter ex-
tending into medial premotor cortex. Visual cortex was
activated extensively, mainly in medial and ventral areas.
Ventral occipitotemporal activation extended into the
parahippocampal cortex. Subcortical activations oc-
curred in the caudate nucleus of the basal ganglia and
in the thalamus. Thalamic activation was more pro-
nounced than in most studies and included the lateral
geniculate nucleus (LGN). Activation of the LGN ex-
tended into the posterior portion of the hippocampus.
Within the spatial resolution of the experiment, it was
not possible to disambiguate these two areas, even
within single subjects. Therefore, in addition to the net-
work commonly activated by spatial orienting in tasks
using simple stimulus arrays, orienting within complex
scenes engaged temporal brain areas associated with
scene processing and allocentric spatial cognition,
such as the parahippocampal gyrus and the posterior
hippocampus (Aguirre et al., 1996; Bohbot et al., 1998,
2004; Committeri et al., 2004; Ekstrom et al., 2003; Ep-
stein and Kanwisher, 1998; Janzen and van Turennout,
2004; Rosenbaum et al., 2004).
Selective Activations for Memory-Guided Orienting
Brain areas preferentially involved in spatial orienting
based on memory compared to spatial orienting based
on visual cues were defined by the interaction contrast
[(Mem/Val 2 Mem/Neu) – (Vis/Val – Vis/Neu)] (Memory-
Neutral = Mem/Neu; Visual-Neutral = Vis/Neu) (Figure 4
and Table 2). The interaction was masked with multiple
simple contrasts to ensure that the activations in the
Mem/Val condition were significant relative to the im-
plicit baseline (Mem/Val), relative to the Mem/Neu con-
dition (Mem/Val – Mem/Neu) and relative to the Vis/Val
condition (Mem/Val – Vis/Val) (each at p < 0.05 uncor-
rected). Significant cortical activations were observed
in the left hippocampus and in left inferior frontal gyrus.
Subcortical activations occurred in the left pulvinar nu-
cleus of the thalamus and in the cerebellum bilaterally.
The threshold was lowered (p < 0.05 uncorrected) to in-
terrogate brain areas of specific a priori interest. No ad-
ditional activation in these areas was observed.
To identify brain areas whose activity was correlated
with the behavioral validity effect during memory orient-
ing, a regression analysis was conducted. Brain areas
whose activation correlated with validity scores in the
Mem/Val condition were compared to those whose
activation correlated with validity scores in the Vis/Val
condition. Activity in the left hippocampus (peak at 218,
221, 218 mm, z = 3.47, p < 0.05 uncorrected) and
to a lesser extent in the right hippocampus (peak at
+24, 29, 221 mm, z = 2.34, p < 0.05 uncorrected) was
more strongly correlated with validity effects during
memory orienting than visual orienting. A simple regres-
sion analysis isolating brain areas correlated with validity
scores in thememory-orientingtaskalonerevealedacon-
sistent focus of activation in the left hippocampus (peak
at 221, 221, 221 mm, z = 2.88, p < 0.05 uncorrected).
The region of correlation in the left hippocampus overlap-
ped with the focus of activation in the interaction contrast
(Figure 4). No other brain area showed significant correla-
tion with validity scores during memory orienting.
An analysis of psychophysiological interactions (Gi-
telman et al., 2003) tested whether the correlation of
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909Table 1. Common Activations during Memory Orienting and
Visual Orienting
Brain Area X Y Z Z-Score
Frontal
Anterior cingulate 3 21 48 5.45
9 21 39 4.93
Pre-supplementary
motor area
6 9 54 4.65
23 6 51 4.59
Mid-posterior cingulate 6 227 30 6.29
R frontal eye fields 33 6 51 4.84
45 3 57 4.43
L frontal eye fields 227 23 51 4.52
230 23 60 4.20
239 26 54 3.95
242 23 51 3.91
R lateral inferior premotor 42 9 27 5.63
51 12 33 5.05
L lateral inferior premotor 242 3 30 4.94
257 15 33 3.90
R anterior insula 39 21 23 5.28
54 15 0 3.54
L anterior insula 236 18 3 4.99
Parietal
R intraparietal sulcus 27 266 45 7.11
L intraparietal sulcus 227 263 51 6.46
R angular gyrus 33 275 27 >8.00
L angular gyrus 227 272 36 >8.00
R temporal-parietal junction 54 245 18 4.68
R parietal-occipital sulcus 12 251 9 7.24
21 257 18 7.01
L parietal-occipital sulcus 218 260 12 5.99
Temporal
R posterior hippocampus/LGN 21 233 0 6.74
L posterior hippocampus/LGN 221 233 23 6.13
R parahippocampal gyrus 36 239 221 6.95
L parahippocampal gyrus 230 233 224 5.84
Occipital
R occipital sulcus 45 272 15 7.44
39 281 12 7.28
L occipital sulcus 233 281 21 7.56
242 281 12 7.09
R middle occipital gyrus 33 290 12 >8.00
L middle occipital gyrus 230 290 9 7.34
R calcarine sulcus 9 293 26 >8.00
L calcarine sulcus 212 299 0 6.84
R occipital pole 36 287 3 7.48
R posterior fusiform 27 272 212 7.75
27 284 212 7.13
45 269 215 6.82
42 278 212 6.78
L posterior fusiform 242 275 212 7.16
230 281 215 7.04
236 284 212 6.90
R middle fusiform 24 242 215 >8.00
42 257 215 7.73
33 254 215 7.50
30 260 212 7.49
30 251 29 7.45
L middle fusiform 230 248 221 >8.00
227 254 29 >8.00
236 266 212 7.38
239 260 29 7.18
Subcortical
R caudate 15 9 3 4.15
15 23 12 3.10
L caudate 212 0 6 4.21
215 23 12 4.19brain activity between the left hippocampus and other
brain regions differed significantly between memory
orienting and visual orienting. Specifically, we tested
for correlations that varied along the interaction con-
trast of primary interest: [(Mem/Val 2 Mem/Neu) – (Vis/
Val – Vis/Neu)]. The correlation strength between the
left hippocampus and the parahippocampal cortex bi-
laterally was larger for valid versus neutral trials during
memory orienting than visual orienting (parahippocam-
pal coordinates: 224, 227, 224 mm, z = 3.99, p < 0.05;
+30, 248, 218 mm, z = 3.63, p < 0.05 uncorrected).
The opposite interaction effect, which probed regions
preferentially involved in visually guided orienting of at-
tention, did not reveal any significantly activated voxels.
Brain Areas Involved in Memory for Complex Scenes
Brain areas preferentially activated in task conditions in-
volving memory for previously studied complex scenes
were identified by the main effect of task: [(Mem/Val +
Mem/Neu) – (Vis/Val + Vis/Neu), inclusively masked by
(Mem/Val + Mem/Neu)] (Table 3 and Figure 5). As for
the interaction contrast, the threshold was lowered to in-
terrogate brain areas of specific a priori interest. The ini-
tial analysis revealed activation in the right angular gyrus
of the inferior parietal lobule, right retrosplenial cortex
around the parietal-occipital sulcus, and left parahippo-
campal gyrus. At the uncorrected threshold, the para-
hippocampal and parietal-occipital activations became
bilateral. These results were corroborated by analysis of
the simple effect of Mem/Neu versus Vis/Neu conditions
[(Mem/Neu – Vis/Neu), masked inclusively by (Mem/
Neu)], which showed activation in all these same regions.
An analogous approach was used to reveal brain
areas preferentially involved in the processing of novel
scenes [(Vis/Val – Mem/Val) + (Vis/Neu – Mem/Neu),
masked by (Vis/Val + Vis/Neu)], but yielded no signifi-
cant activations.
Discussion
Using a new task, we demonstrated that recent long-
term memories for the specific locations of objects
within unique contexts can effectively drive the orienting
of spatial attention. Participants were significantly faster
at detecting perceptual events that appeared at a mem-
orized location within a complex scene than perceptual
events that appeared within equally familiar scenes but
for which there was no memorized target location. The
sizeable and reliable effects of memory-guided spatial
orienting concur with the intuition that in everyday life
our predictions about where relevant or interesting
events will occur are largely shaped by our memory ex-
perience. Furthermore, they showed that predictions
can be formed in a surprisingly rapid and flexible way
to enhance the detection of perceptual events.
Table 1. (continued)
Brain Area X Y Z Z-Score
R thalamus 12 218 9 4.15
9 212 3 4.03
L thalamus 212 218 9 4.91
R, right; L, left; LGN, lateral geniculate nucleus. Table includes peak
as well as local maxima.
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910Figure 3. Common Network for Memory Ori-
enting and Visual Orienting
Significant activations for Mem/Val and Vis/
Val trials relative to the implicit baseline (p <
0.05, FDR) calculated using inclusive mask-
ing and overlaid on different views of a stan-
dardized brain volume. From left to right, an
axial cut shows activations in the intraparietal
sulcus, frontal eye fields, and medial premo-
tor cortex; a midsagittal view shows medial
activations in premotor cortex, anterior and
posterior cingulate, precuneus and visual
areas; and a coronal cut shows activation in
left lateral parietal, posterior cingulate, thala-
mus, and parahippocampal gyrus.In our task, the large attentional validity effects in the
memory-orienting condition could be driven by explicit
or implicit memory. Learning of the target location within
unique contexts involved overt search and explicit
memory over successive learning blocks. Furthermore,
explicit memory for the location of targets was still pre-
served following the orienting task. Therefore, it is likely
that explicit memory mediates memory-guided atten-
tional orienting. However, the extremely fast time course
for memory-guided attention to influence target detec-
tion (100 ms SOA) suggests that implicit memory may
also contribute to the attentional benefit in performance.
The contributions of explicit and implicit memory mech-
anisms are not in principle mutually exclusive. Future
experiments will investigate whether attentional orient-
ing can be based on implicit memory alone.
Our results, therefore, build upon previous behavioral
demonstrations that performance during visual search
is improved by implicit long-term memory of stimulus ar-
ray contexts (Chun, 2000; Chun and Jiang, 1998, 2003)
or by semantic associations (Moores et al., 2003). The
design characteristics of our memory-orienting task
provide the means to investigate the time course and
mechanisms through which explicit and implicit memory
can bias the analysis of individual events. By separating
the remembered context from the behaviorally relevant
event, it is possible to track the influences of top-down
attentional biases upon perception and action. For
example, it was possible to show the formation of effec-
tive memory-based attentional biases when the context
leads an event by as little as 100 ms. In visual search
studies, it is difficult to measure the dynamic mecha-
nisms by which memories can bias the detection of
a particular stimulus, since the target stimulus is em-
bedded within and therefore an integral part of the
‘‘context.’’
Though intuitive, the notion that explicit memories
about object locations within scenes can be formed
and can subsequently affect perception of events within
the same context is not universally accepted. Some
scholars have debated the extent to which stable mem-
ories are formed for visual information in natural scenes
(Becker and Pashler, 2002; Irwin and Zelinsky, 2002;
O’Regan, 1992; O’Regan and Noe, 2001; Rensink, 2002;
Wolfe, 1999). Our results clearly show that locations of
relevant objects within complex scenes can be learned
explicitly and over the long term and that this spatial
memory can be used to optimize future behavior (Hol-
lingworth, 2004; Hollingworth et al., 2001). What is lessclear fromour experiment is the extentofmemory formed
about the locations or configurations of objects that
were not of direct behavioral relevance during the learn-
ing task. The design features of the task, however, will
enable future experimentation to probe the boundary
conditions under which the locations of objects in scenes
are remembered and effective at orienting attention.
Perhaps surprisingly, the behavioral validity effects
during memory orienting were significantly larger than
those during visual orienting across the two experi-
ments. Our findings may, therefore, point to the greater
ecological validity of using memory rather than transient
perceptual events to guide the top-down control of at-
tention. Memory-guided orienting may benefit from
a combination of remembered spatial as well as nonspa-
tial contextual aspects of scenes. Perceptually driven
validity effects may be less pronounced in more natural-
istic crowded or complex scenes (Rolls et al., 2003),
where there is already extensive competition between
the constituent objects, than in the simple stimulus
arrays used more routinely in attention experiments.
However, further testing of the specific parameters in
tasks using visual cues to orient attention within com-
plex scenes will be required before reaching firm conclu-
sions about the generality of these effects.
The brain areas supporting memory-guided orienting
were a combination of areas involved in visually guided
spatial attention and in retrieval of recent long-term
memories. Memory-guided spatial orienting relied on
many of the same areas as visually guided orienting. The
common set of activations we observed across the
memory-orienting and visual-orienting tasks replicates
numerous findings across laboratories worldwide using
visual spatial-orienting tasks (Corbetta and Shulman,
2002; Giesbrecht and Mangun, 2005; Kastner and Un-
gerleider, 2000; Nobre, 2001; Yantis et al., 2002), with
primary areas located in posterior parietal cortex around
the intraparietal sulcus, frontal eye fields, and cingulate
cortex (Mesulam, 1999). This core attentional network is
involved in many types of orienting tasks. For example,
similar areas are involved when orienting attention to
objects (Yantis et al., 2002), features (Giesbrecht et al.,
2003), temporal instants (Coull and Nobre, 1998), or
semantic categories (T. Cristescu, J. Devlin, and A.C.
Nobre, 2003, Soc. Neurosci, abstract). Similar areas are
also involved when spatial attention is oriented within
the domain of working memory (Lepsien et al., 2005;
Nobre et al., 2004). This large-scale distributed parietal-
frontal network overlaps extensively with multimodal
Orienting Attention Based on Long-Term Memory
911brain areas involved in spatially guided action and espe-
cially oculomotor control (Corbetta et al., 1998; Nobre
et al., 2000) and contains regional specializations that
are well suited for the rapid biasing of information pro-
cessing at many levels based on changing perceptual,
motor, and motivational representations (Mesulam,
1999). Therefore, it may represent a core system for
the organization and modulation of behavior, at least
when speeded responses to perceptual stimuli are re-
quired (Nobre, 2004).
Figure 4. Hippocampal Involvement in Memory-Guided Orienting
(A) Preferential activation of the left hippocampus during memory
orienting relative to visual orienting. Activations were calculated us-
ing the interaction [(Mem/Val – Mem/Neu) – (Vis/Val – Vis/Neu)] (p <
0.05, FDR), inclusively masked by the (Mem/Val), (Mem/Val – Mem/
Neu), and (Mem/Val – Vis/Val) contrasts. Hippocampal activations
are shown on coronal and sagittal views of a standardized brain
volume.
The graph below shows effect sizes (and standard errors), in arbi-
trary units, of hippocampal activations: MV = Mem/Val, MN =
Mem/Neu, VV = Vis/Val, VN = Vis/Neu. To provide an unbiased mea-
sure of the modulation of hippocampal activation across the condi-
tions, the effect sizes were measured within a spherical region (3 mm
radius) around the voxel showing maximal activation in the Mem/Val
condition relative to the implicit baseline. Pairwise comparisons
showed that activation in the MV condition was significantly larger
than in the MN [t(15) = 2.7, p = < 0.05, one-tailed] and VV [t(15) =
1.8, p < 0.05, one-tailed] conditions.
(B) Hippocampal region showing significantly larger positive correla-
tion with the behavioral validity effects in memory orienting than in
visual orienting in the regression analysis, shown on a sagittal
view of a standardized brain.In addition to the prevalent parietal-frontal network,
memory-guided spatial orienting also engaged brain
areas associated to memory of object locations and
scene contexts. In particular, comparisons of activa-
tions between memory-orienting and visual-orienting
conditions and analysis of correlations between brain
activity and validity scores during memory orienting
pointed to a special role of the hippocampus. Though
its precise contribution(s) to episodic and/or spatial
memory continue to be debated (Aggleton and Brown,
1999; Burgess et al., 2002; Eichenbaum, 2004; Squire
et al., 2004), the hippocampus has been shown to be
critical for remembering the specific location of objects
within unique contexts (Gaffan, 1994, 1998). In our task,
memory for the locations of target objects in unique
scenes, and consequently the hippocampus, were cen-
tral to the memory-guided attentional validity effects.
The hippocampus was significantly more activated in
valid versus neutral trials in memory-guided than in visu-
ally guided spatial orienting. In addition, the hippocam-
pus was the only region whose magnitude of activation
showed significant positive correlation with the size of
the attentional validity effect in the memory-orienting
versus visual-orienting condition. We speculate that ac-
tivity in the hippocampus is an important source of the
signals that control the orienting of spatial attention
based on memory for the location of relevant events.
This effect may occur over and above hippocampal ac-
tivation related to incidental retrieval of the location of
the targets within complex scenes. Therefore, in addi-
tion to its ‘‘retroactive’’ role in retrieving object-context
associations, the hippocampus may have a ‘‘proactive’’
Table 2. Preferential Activations for Memory Orienting versus
Visual Orienting
Brain Area X Y Z Z-Score
Temporal
L hippocampus 230 215 218 3.92
Frontal
L inferior frontal gyrus 236 39 0 3.43
Subcortical
L pulvinar 224 230 6 3.60
L cerebellum 218 239 233 3.83
R cerebellum 18 242 233 3.41
R, right; L, left.
Table 3. Brain Areas Activated by Memory for Scenes
Brain Area X Y Z Z-Score
Parietal
R angular gyrus 36 272 27 4.35
R parietal-occipital sulcus 21 254 18 5.33
12 251 9 4.76
L parietal-occipital sulcus* 212 266 18 3.85
Temporal
R parahippocampal gyrus* 24 239 212 3.77
L parahippocampal gyrus 227 248 212 4.69
R, right; L, left; *activations using uncorrected threshold (p < 0.001),
following a priori hypotheses.
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volved in Memory Retrieval for Scenes
Activations were calculated using the main
effect of memory: [(Mem/Val – Vis/Val) +
(Mem/Neu – Vis/Neu) (p < 0.05 FDR), inclu-
sively masked by (Mem/Val + Mem/Neu)].
From left to right, activations are shown
around the right retrosplenial cortex in the
parietal occipital sulcus (sagittal view), the
left parahippocampal gyrus (sagittal view),
and the right angular gyrus in the inferior pa-
rietal lobule (coronal view). Coordinate loca-
tions for the peak activation displayed are
given below each figure along with a graph
of the relative effect sizes (and standard
errors) calculated in a spherical region of
3 mm radius around the peak. MV = Mem/Val,
MN = Mem/Neu, VV = Vis/Val, VN = Vis/Neu.role in influencing our interaction with incoming percep-
tual events based on experience (see Lee et al., 2005).
Elevated activation in the hippocampus was also
noted during neutral trials of the visual-orienting task,
where the target appeared at an unexpected location
within a novel scene. Importantly, this effect did not
drive the involvement of the hippocampus in memory
orienting, but suggests an additional or more general
contribution of the hippocampus in coding for novel,
behaviorally relevant and salient events. Activation of
the hippocampus during detection of unexpected novel
items is consistent with previous findings (Knight, 1996;
Kohler et al., 2002; Tulving et al., 1994).
In our task, hippocampal involvement in memory-
guided attentional orienting was lateralized to the left
hemisphere. The localization was therefore similar to
those in previous imaging studies showing left-domi-
nant hippocampal activations during conditions of con-
text-dependent episodic memory retrieval (Burgess
et al., 2001, 2002), supporting a role for explicit memory
retrieval in our memory-orienting task. As the principles
for lateralization of hippocampal functions in the human
brain continue to be elucidated, these may further con-
strain interpretation regarding the role of the hippocam-
pus in memory-guided attentional orienting.
At present, it is not possible to determine the extent to
which hippocampal activation in our task was associ-
ated to explicit versus implicit retrieval of the target loca-
tion or context within the scene. The involvement of the
hippocampus in mediating certain types of associative
or relational implicit long-term memories, such as con-
textual cueing effects in visual search, is a matter of ac-
tive experimentation and discussion (Chun and Phelps,
1999; Manns and Squire, 2001). Future variations of our
task should provide important evidence toward this de-
bate, by comparing conditions under which the retrieval
of target locations occurs explicitly versus only implic-
itly, such as when scenes are presented subliminally.
There was no evidence for the direct involvement in
memory-guided spatial orienting by other brain areas
implicated in the retrieval of memories for scenes or
contexts. In agreement with previous studies, the para-
hippocampal gyrus and the cortex around the parietal-
occipital sulcus were activated in conditions involving
mnemonic retrieval of scenes (Bar and Aminoff, 2003;Brewer et al., 1998; Burgess et al., 2001; Duzel et al.,
2003; Ekstrom et al., 2003; Hayes et al., 2004; Maguire,
2001a, 2001b; Rosenbaum et al., 2004; Spiers and Ma-
guire, 2004). However, they showed no systematic mod-
ulation by retrieval of specific target locations within the
complex scenes or by spatial orienting. The coordinates
for the activation around the parahippocampal gyrus
and collateral sulcus overlapped with the area coined
the ‘‘parahippocampal place area’’ for its participation
in the perception of the local visual environment (Aguirre
et al., 1996; Epstein and Kanwisher, 1998). Our results
emphasize a mnemonic rather than purely perceptual
role for this area (Bar, 2004; Rosenbaum et al., 2004).
More generally, we favor the view that parahippocampal
cortex may mediate storage and retrieval of associative
or contextual knowledge, which is necessary for the
elaboration of more specific spatio-temporal or rela-
tional memory by the hippocampus (Bar, 2004; Buckner
et al., 2000; Eichenbaum, 2004; Mishkin et al., 1998).
The parahippocampal and retrosplenial areas are
interconnected (Suzuki and Amaral, 1994a) and can
bridge between brain areas involved in visual spatial ori-
enting and episodic memory. The parahippocampal cor-
tex and the retrosplenial cortex around the parietal oc-
cipital sulcus receive visuospatial information from the
parietal cortex (Milner and Goodale, 1993; Suzuki and
Amaral, 1994a; Ungerleider and Haxby, 1994; Van Hoe-
sen et al., 1981). The parahippocampal cortex also re-
ceives extensive inputs about the visual environment
from ventral occipitotemporal areas (Suzuki and Amaral,
1994a). In turn, the parahippocampal and perirhinal cor-
tices constitute the main inputs into the hippocampus
via the entorhinal cortex (Suzuki and Amaral, 1994b).
This circuitry is therefore optimally positioned as an in-
terface between spatial attention and memory. Analysis
of how the correlation of activity between the left hippo-
campus and other brain areas was modulated between
experimental conditions supported this interpretation,
showing that activity in the hippocampus was more
strongly correlated with activity in the parahippocampal
area bilaterally during memory-guided compared to
visually guided spatial orienting.
Overall, our results illustrate how the two large-scale
limbic and parietal-frontal networks, for memory and
spatial attention, respectively, collaborate in everyday
Orienting Attention Based on Long-Term Memory
913situations to bias the perception of events by previous
experience. The hippocampus appears to play a key
role in the interface between memory and attention.
Experimental Procedures
Participants
Twelve healthy right-handed volunteers (aged 20–35, nine females)
participated in a behavioral experiment, and sixteen other healthy
right-handed volunteers (aged 21–41; ten females) participated in
an fMRI experiment. The methods and procedures used in the study
had approval from the Northwestern University Institutional Review
Board. Participants gave written informed consent before the study.
Stimuli
Scene stimuli were created by selecting photographs taken either by
the experimenters or obtained, with permission, from photographic
images available on the internet. They depicted indoor or outdoor
views of different types. There were a total of 198 scenes used in
the experiments and an additional set of 20 scenes used for practice
trials. Two versions of each scene were prepared. In one version,
the scene was saved as a picture of dimension 1000 3 750 pixels
in 32-bit color. In the second version, an image of a small gold key
(12 3 23 pixels), of consistent size and orientation, was placed on
each scene using a graphics package (PaintShopPro5, Jasc). Keys
were embedded within objects or object-arrangements of scenes,
and were usually in plausible places. The distribution of keys was
equated between the four visual quadrants (49 or 50 placed in
each quadrant). The assignment of scenes to different experimental
conditions (Mem/Val, Mem/Neu, Vis/Val, Vis/Neu) was counterbal-
anced across participants. The same set of visual stimuli was used
in two separate experiments.
Behavioral Experiment
Learning Task
The first phase of the experiment was a learning task performed in
a behavioral psychophysics laboratory. The learning task was pre-
pared and presented using Presentation version 0.7 (Neurobehavio-
ral Systems, Albany, NY). Participants viewed 99 scenes repeated in
random order over five blocks. Sixty-six scenes contained a small
gold key, located anywhere within the left or right side of the picture
(33 each). In the remaining 33 scenes, no key was present. Partici-
pants were not aware which scenes contained a key. Participants
explored the scenes overtly. They were instructed to make a left-
sided mouse click when they located a key in the picture and to
make a right-sided mouse click if they believed no key to be present.
If participants made no response within 20 s, the program automat-
ically moved to the next scene. Over the five learning blocks, sub-
jects found as many keys as possible and memorized their locations.
Eye movements were recorded using an infrared monitoring system
(ISCAN, Burlington, MA) and analyzed using ILAB version 3.6.4.
(Gitelman, 2002).
Orienting Tasks
One day after the learning task, participants performed two atten-
tional orienting tasks in the same laboratory. The two orienting tasks
were very similar and differed only in the nature of the ‘‘cues’’ which
guided attentional orienting (Figure 1). In both cases, participants
detected the appearance of a small target key within a complex
scene. In one task, the previously learned locations of keys within
complex scenes guided attentional orienting (memory-orienting
task). In the other task, peripheral visual cues guided attentional
orienting (visual-orienting task). The two tasks were performed in
counterbalanced order across participants. Participants performed
a short practice of each task prior to the experiment.
Both memory-orienting and visual-orienting tasks were per-
formed covertly. A central fixation cross remained on the screen
throughout both tasks, and an eye tracker (ISCAN, Burlington, MA)
was used to monitor fixation. Participants completed 99 trials in
each task. In both cases, they had to detect the brief appearance
of a small key within a complex scene (90 trials) and withhold re-
sponses during a minority of catch trials in which a banana was
flashed instead of a key (nine catch trials). In two-thirds of the trials,
participants had 100% predictive information about the location ofthe target stimulus. In the remaining third, there was no spatial pre-
diction of where the target would appear. Valid, neutral, and catch
trials were randomly intermixed throughout the task.
In the memory-orienting task, participants were shown familiar
scenes from the learning task and could use their memory of the tar-
get locations to help predict where a target item would appear. Each
trial began with the presentation of the familiar scene. After an inter-
val (SOA) of 100, 500, or 900 ms, an object (target key or banana)
flashed at a particular location within the scene (100 ms). The loca-
tion of the key in the learning task predicted with 100% validity the
location at which the target key (60 valid trials) or banana (6 catch
trials) would flash. For scenes with no key present in the learning
task, participants had no information as to where the target key
(30 neutral trials) or banana (3 catch trials) would flash. After the
disappearance of the target key or banana, the scene remained
displayed for a further 1000 ms, during which responses were re-
corded. The interval between successive trials was randomized
between 2000 and 3000 ms.
In the visual-orienting task, participants viewed novel scenes.
Visual cues presented on the screen predicted where the item (key
or banana) would flash. Each trial began with the presentation of
the novel scene. After a short interval (50 ms) a white cue box was
presented somewhere on the scene. A target key or banana ap-
peared (100 ms) 100, 500, or 900 ms after the cue (cue-target
SOA). On 66 trials, the cue box was presented peripherally and pre-
dicted with 100% validity the location at which the key (60 valid trials)
or banana (6 catch trials) would appear. In 33 trials, the cue box was
presented centrally around the fixation cross and provided no infor-
mation as to where the target key (30 neutral trials) or banana (3 catch
trials) would appear. The scene and the cue box remained on the
scene for a further 1000 ms response window. The inter-trial interval
varied randomly between 2000 and 3000 ms.
Spatial Memory Recall Test
Explicit memory for the location of the keys within complex scenes
was tested by a recall test immediately after the attention orienting
tasks. Participants viewed a random selection of 20 scenes taken
from the learning task, in which a key had been present, and indi-
cated where they thought the key had been by positioning and click-
ing a mouse cursor. The distance between the correct coordinate of
the key location and the recalled location was computed, using only
scenes for which the participants had correctly located the key in the
learning task. This test might have been influenced by viewing the
location of the target keys during the orienting task, and therefore
provided only an approximate measure of long-term recall.
fMRI Experiment
The fMRI experiment was very similar to the behavioral experiment,
with only minor adaptations to make the task suitable for imaging.
The learning task in the fMRI experiment was identical to that in
the behavioral experiment. The parameters of the orienting tasks
were also the same unless otherwise noted.
The orienting tasks were performed in the fMRI scanner 1 or 2
days after the learning task. As in the behavioral experiment, partic-
ipants detected small key targets within familiar (memory-orienting
task) or novel (visual-orienting task) scenes and oriented attention
covertly according to remembered locations or visually cued loca-
tions, respectively. An eye tracker (Applied Science Laboratories,
Bedford, MA) was used to monitor visual fixation in the scanner.
The tasks were performed in counterbalanced order, after perform-
ing a short practice of each task in the scanner.
The sequence of events within a trial was the same as in the be-
havioral experiment, except that the cue-target SOA varied ran-
domly between 500 and 900 ms. The number of trials and the propor-
tions of valid, neutral, and catch trials were also the same. In order to
allow measurement of the hemodynamic response functions (hrfs),
trials were separated by long and variable intervals (2–14 s inter-trial
interval). These were distributed logarithmically to shorten the total
duration of the experiment and to maintain temporal expectations
constant (50% between 2–6 s, 33% between 6–10 s, 17% between
10–14 s) (see Lepsien et al., 2005; Nobre et al., 2004). In addition to
the 99 trials in each orienting task (memory and visual), there were
also 30 null trials during which only a central fixation cross was dis-
played for the trial duration. Valid, neutral, catch, and null trials were
randomly intermixed throughout each task.
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Accuracy and RTs to detect the appearance of the key were ana-
lyzed in the behavioral and fMRI experiments. For RT analyses
and analyses of the brain-imaging data, only correct trials were
used. Trials in which participants failed to detect the key (omission
errors) were excluded, as were catch trials. Also excluded from
the analyses were valid trials where the participant had failed to
find the key during the learning task. Accuracy analyses examined
the proportion of omission errors. The proportion of commission er-
rors (incorrect responses to bananas in catch trials) was also exam-
ined to ensure that participants were performing the task correctly,
but because of the very small number of catch trials (9 for each task),
these could not be subjected to statistical analysis. For the behav-
ioral experiment, repeated-measures ANOVAs tested the effects of
task (memory orienting, visual orienting), cue (valid, neutral), and
SOA (100, 500, 900 ms) on RT and accuracy measures. For the
fMRI experiment, repeated-measures ANOVAs tested the effects
of task (memory orienting, visual orienting) and cue (valid, neutral).
Image Acquisition
Functional images were acquired with a 3-Tesla Siemens Trio whole-
body MRI system using a birdcage head coil. Subjects lay supine
within the scanner. Their head was immobilized with a vacuum pil-
low (Vac-Fix, Bionix, Toledo, Ohio) and restraint calipers. They
were given a nonmagnetic button box, which enabled recording of
their responses. A vitamin E capsule was taped to the left temporal
region to mark laterality for image processing. Stimuli were back
projected (Proxima activate matrix LCD projector, San Diego, CA)
onto a translucent screen that subjects viewed through mirrors.
Images were acquired using echo-planar T2*-weighted imaging
(TE = 20 ms; TR = 2.1 s). Forty 3.0–3.7 mm axial slices (3 mm2 in-
plane resolution) covered the entire cortex. Each task consisted of
up to 540 image sets. The first five image sets were collected in
the absence of any task to allow the signal to reach a steady state
and were excluded from further processing and analysis.
Image Processing and Analysis
Data were processed and analyzed using statistical parametric
mapping (SPM2, Wellcome Department of Cognitive Neurology,
London) implemented in MATLAB 6.5.1 (MathWorks, Natick, MA).
Images were corrected for slice timing and were realigned and
unwarped to correct for movement artifacts. High-resolution ana-
tomical T1 images were coregistered with the realigned functional
images to enable anatomical localization of the activations. Struc-
tural and functional images were spatially normalized into a stan-
dardized anatomical framework using the default EPI template
provided in SPM2, based on the averaged-brain of the Montreal
Neurological Institute and approximating the normalized probabilis-
tic spatial reference frame of Talairach and Tournoux (Talairach and
Tournoux, 1988). Functional images were spatially smoothed using
7 mm3 Gaussian kernel. The resulting spatial resolution was about
10 mm3 full-width at half-maximum. The time series was temporally
filtered to eliminate contamination from slow drift of signals (high-
pass filter: 128 s) and corrected for autocorrelations using the
AR(1) model in SPM2.
The neural response triggered by each type of trial was modeled
using a canonical hrf and its temporal derivative. The temporal deriv-
ative was included to accommodate temporal variability of hrf func-
tions across brain areas and participants. Activation was modeled
separately in the memory-orienting task for correctly performed
valid trials (Mem/Val) and correctly performed neutral trials (Mem/
Neu). Catch and error trials were combined into a third variable. Error
trials included omissions and trials in which participants had not cor-
rectly located keys in the learning task. Activation in the visual-
orienting task was modeled in analogous fashion: correct valid trials
(Vis/Val), correct neutral trials (Vis/Neu), and catch-plus-error trials.
Null trials were not modeled explicitly and contributed to the implicit
baseline. Data for the memory- and visual-orienting tasks were mod-
eled in the same analysis. Statistical comparison between experi-
mental conditions used linear contrasts calculated at the individual-
subject level and forwarded to a second-level random-effects
analysis.
An additional model was estimated for a regression analysis, to
test for brain areas whose activity correlated with behavioral validityscores. The model was the same as above, except that an additional
condition-specific regressor was added for valid trials in the mem-
ory-orienting and visual-orienting tasks. For each valid trial, a z-
score was calculated representing the difference in reaction time
in that trial relative to the mean RT in neutral trials divided by the
standard deviation of the RTs in the neutral trials. Validity scores
in the memory-orienting task were calculated relative to the mean
RT and standard deviation of neutral trials in the memory-orienting
task; whereas validity scores in the visual-orienting task were calcu-
lated relative to the neutral trials in the visual-orienting task.
To follow up on the finding that the left hippocampus was specif-
ically engaged in memory-guided spatial orienting (see Results), we
sought to identify brain areas that might cooperate with the hippo-
campus during memory-guided attentional orienting. We tested
for psychophysiological interactions showing brain areas whose ac-
tivity was more strongly correlated with that in the hippocampus
during memory-guided than during visually guided orienting (Gitel-
man et al., 2003). For each subject, the time course of activity was
extracted for a 6 mm radius volume of interest around the peak voxel
in the hippocampus showing the critical interaction effect in the
random-effects group analysis (230, 215, 218 mm). Data were
adjusted for the modeled experimental conditions. The psycho-
physiological-interaction analysis revealed areas whose correlated
activity was more sensitive to validity in the memory-orienting task
than in the visual-orienting task [(Mem/Val – Mem/Neu) – (Vis/Val –
Vis/Neu)].
The statistical threshold for all imaging analyses where no a priori
hypothesis was tested was set at p < 0.05 corrected for false discov-
ery rate. To explore attention-orienting effects in brain areas linked
to memory (hippocampus, parahippocampal gyrus, and retrosple-
nial cortex around the parietal-occipital sulcus), the threshold was
lowered to p < 0.05 uncorrected.
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